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PERFORMANCE STUDY ON GEOSYNTHETIC 
REINFORCED SHALLOW FOUNDATIONS 
 
Chao, Sao-Jeng 







The inadequate bearing capacity and the excessive settlement problems of shallow foundations due to the weak soil conditions can be 
solved by employing the technique of reinforcing to strengthen the properties of the weak soil, which has become a cost-effective 
solution for civil engineering. This paper follows the processes of experimental work, site performance evaluation, and FEM 
numerical simulation to study the bearing capacities of the shallow foundations built on reinforced soils in the Ilan area, Taiwan. The 
purpose of this paper is to propose a relatively simple and economical technique to overcome the weak soil conditions. The eventual 
goal of this paper is to understand the mechanism of the bearing capacity of shallow foundation constructed on reinforced soil. Last of 
all, the conclusion of this paper provides evidence for the advantages of employing geosynthetic reinforced shallow foundation design 





The weak Ilan soils in Taiwan consist of high proportion of 
fine grained particles. Together with the wet rainy weather and 
the seaside location, the Ilan area is always with high ground 
water table conditions. Therefore, the bearing capacities and 
the settlements of the shallow foundations of buildings and 
road structures result in many practical problems during 
construction work. For examples, the expressway project of 
the Ilan plain section of the Taipei-Ilan express by the Taiwan 
Area National Expressway Engineering Bureau, the Ilan City 
outer-ring expressway project by the Directorate General of 
Highway, and the so-called Ilan farmhouses constructed on the 
extremely weak Ilan soils, all of them can not avoid dealing 
with the inadequate bearing capacities and the excessive 
settlements of the shallow foundations with the structure’s 
dimension increasing. 
 
The inadequate bearing capacity and the excessive settlement 
problems of shallow foundations due to the weak soil 
conditions may be solved by employing the technique of 
geosysthetic reinforcement to strengthen the properties of the 
weak soil, which has become a cost-effective solution for civil 
engineering. Studies of taking advantages of geosynthetic 
reinforcements to strengthen the weak soils started on around 
1980s. In the past years, many model tests and full-scale tests 
have been conducted all over the world, a lot of research 
achievements have been presented as well (Holtz et al., 1995; 
Wu, 2003; Michalowski and Shi, 2003). Civil engineers have 
been understood that the reinforced soil can provide good help 
for the bearing capacity of the shallow foundation and are 
convinced that the geosynthetic reinforcement can also reduce 
the settlement of the shallow foundation on the other hand.  
However, in the weak Ilan soil area of Taiwan, the technique 
of reinforced soil in the replaced layer to improve the ultimate 
bearing capacity of shallow foundation has not been studied in 
detail yet. 
 
In the past, during the construction stage of shallow 
foundation, the elevation of the foundation depth needed to be 
over-excavated in order to construct the reinforced soil layer. 
This unacceptable stage makes the technique of reinforced 
shallow foundation not practical at all and hence is not 
meaningful for doing any further study. However, due to the 
low ground surface elevation and the weak soil condition, the 
shallow foundations built on Ilan area need a replaced layer 
with aggregates refilling and thus makes this technique a very 
practical and useful one in the Ilan area, Taiwan. This paper 
follows the processes of experimental work, site performance 
evaluation, and FEM numerical simulation to study the 
bearing capacities and the settlements of the shallow 
foundations built on the reinforced soils. The purpose of this 
paper is to propose a simple and economical technique to 
overcome the weak soil conditions in the Ilan area. The results 
of this study provide the shallow foundations of buildings and 
the road constructions a solution that can beat the problems of 
inadequate bearing capacities and excessive settlements. 
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EXPERIMENTAL WORK 
 
The experimental work in this study is arranged in the way to 
obtain the efficient ratio of reinforcing with different soil types, 
specifically speaking, sand and clay. The efficient ratio of 
reinforcing is defined as the bearing capacity of shallow 
foundation with reinforcement over that without reinforcement. 
 
 
Foundation Material as Sand 
 
The sandy foundation material used in the laboratory test is 
classified as SP. The fineness modulus of the sand is 3.1. The 
friction angle φ is about 45° under dense condition. A rigid 
cylinder shape container with 15 cm in diameter and 15 cm in 
height is used for this test. The sand is placed into the 
container in the way layer by layer (3 layers in total). Each 
layer is compacted with different number of blow count to 
obtain the different required density. More specifically, the 
number of blow count for each layer is 30 for preparing loose 
foundation condition, 100 for medium dense foundation 
condition, and 200 for very dense foundation condition. The 
geosynthetic reinforcement is placed at the depth of 0.5B from 
the top surface. A round footing is placed on the center surface 
of the foundation soil as shown in Fig. 1. The compression 
machine then provides loading gradually to conduct the test of 






Fig. 1.  Test equipment for bearing capacity of shallow 
foundation with and without geosynthetic reinforcement. 
 
The relationship of bearing capacity and settlement of shallow 
foundations with and without reinforcement for loose sand 
condition, medium dense sand condition, and very dense sand 
condition are shown in Fig. 2(a)-(c). 
 
As we can see from Fig. 2(a) for loose sand condition, the 
ultimate loading of shallow foundation without reinforcement 
is merely 105 kgf, while the ultimate loading of the shallow 
foundation with reinforcement can reach 468 kgf. It is noted 
that the load-settlement curve for loose sand can not provide a 
noticeable peak value. Therefore, the value of bearing capacity 
of the shallow foundation is decided by choosing the initial 
location of the curve turning to be a straight line for both with 
and without reinforcement conditions. From the results of the 
laboratory tests for loose sand condition, the efficient ratio of 
reinforcing is as high as 4.5. 
 
From Fig. 2(b) for medium dense sand condition, the ultimate 
loading of shallow foundation without reinforcement is only 
378 kgf, while the ultimate loading of the shallow foundation 
with reinforcement can reach 942 kgf. From the results of the 
laboratory tests for medium dense sand condition, the efficient 
ratio of reinforcing is 2.5. 
 
From Fig. 2(c) for very dense sand condition, the ultimate 
loading of shallow foundation without reinforcement is simply 
738 kgf, while the ultimate loading of the shallow foundation 
with reinforcement can reach 1158 kgf. From the results of the 
laboratory tests for very dense sand condition, the efficient 
ratio of reinforcing is 1.6. It can be concluded that the efficient 
ratio of reinforcing can be very impressive for different 
density of the sandy foundation material, while the worse soil 





































(b) Medium dense sand condition 




















(c) Very dense sand condition 
 
Fig. 2.  The relationship of bearing capacity and settlement 
with and without reinforcement for sandy materials. 
 
 
Foundation Material as Clay 
 
The clayey foundation material used in the test is obtained 
from the construction site located in the campus of the 
National I-Lan University at the depth around 3 m. The soil is 
classified as CL with the property of PI ranging from 12 to 40 
and LL from 16 to 58. The unconfined compression strength 
cu is in the range of 36~51 kN/m2. The same rigid cylinder 
shape container with 15 cm in diameter and 15 cm in height is 
used in this test, too. The clay is also placed into the container 
layer by layer (3 layers in total). Each layer is also compacted 
with different number of blow count to obtain the different 
required density. More specifically, the number of blow count 
for each layer is 50 for preparing soft clay foundation 
condition, while 200 for hard clay foundation condition. The 
geosynthetic reinforcement is also placed at the depth of 0.5B 
from the top surface. A round footing is placed on the center 
surface of the clay and loaded by the compression test 
machine as well. The compression machine then provides 
loading gradually to conduct the test of bearing capacity of 
shallow foundations with and without geosynthetic 
reinforcement. 
 
The relationship of bearing capacity and settlement of shallow 
foundations with and without reinforcement for soft clay 
condition and hard clay condition are shown in Fig. 3(a)-(b). 
 
As we can see from Fig. 3(a) for soft clay condition, the 
ultimate loading of shallow foundation without reinforcement 
is merely 39 kgf, while the ultimate loading of the shallow 
foundation with reinforcement can reach 150 kgf. From the 
results of the laboratory tests for soft clay foundation 
condition, the efficient ratio of reinforcing is as high as 3.8. It 
is noted again here that the bearing capacity of the shallow 
foundation test is decided by choosing the initial location of 
the curve turning to be a straight line for both with and 
without reinforcement conditions. 
 
From Fig. 3(b) for hard clay foundation condition, the ultimate 
loading of shallow foundation without reinforcement is only 
483 kgf, while the ultimate loading of the shallow foundation 
with reinforcement can reach 1036 kg. From the results of the 
laboratory tests for hard clay foundation condition, the 
efficient ratio of reinforcing is 2.2. It can be found that the 
efficient ratio of reinforcing for clayey foundation material is 










































(b) Hard clay foundation condition 
 
Fig. 3.  The relationship of bearing capacity and settlement 
with and without reinforcement for clayey materials. 
 
 
SITE PERFORMANCE EVALUATION 
 
The Taiwan Area National Expressway Engineering Bureau  
constructed the Taipei-Ilan expressway, where subsurface 
condition is soft and weak (TANEEB, 1997). As a result, the 
subgrade of the pavement structure can not be easily 
compacted to the construction specification requirement. 
Therefore, the geosynthetic reinforced subgrade is proposed 
by the contractor to overcome the difficult condition. This 
section begins with explaining an in-situ test plan for 
evaluating the technique of employing geosynthetic 
reinforcement to reach the requirement for the subgrade 
structure built on the soft and weak soil of the Ilan area, 
Taiwan. The performance of the geosynthetic reinforced 
subgrade expressway is thus investigated considering different 
thickness of aggregate layers of the subgrade. 
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In order to understanding the mechanism of the subgrade 
structure under loading which uses the geosynthetic reinforced 
technique, an in-situ test plan is proposed by the contractor. 
The test plan consists of a full scale road section, which is 100 
m in length and 10 m in width as shown in Fig. 4. The test 
section is separated into 3 parts for the purpose of evaluating 
the performance of the geosynthetic reinforcement with 




Fig. 4.  Arrangement of the test plan. 
 
The method to evaluate the bearing capacity for the subgrade 
beneath the pavement structure in the field is called the Proof 
Rolling Test. The equipment for the Proof Rolling Test is 
usually a heavy truck, which contains at least 8000 kg of 
individual tire loading as shown in Fig. 5. Unfortunately, even 
though the contractor used extra amount of the aggregate 
materials for the subgrade structure, the performance of the 




Fig. 5.  Performance of the subgrade during proof rolling test. 
 
The test plan totally contains 4 different thicknesses of 
aggregate layer, namely: 15 cm, 25 cm, 40 cm, and 50 cm. 
The geosynthetic reinforcement material is in fact composed 
of a geogrid layer and a geotextile (nonwoven) layer. The 
geogrid layer provides tensile strength resistance to reinforce 
the subgrade structure while the geotextile layer provides the 
function of separation with the soft and weak soil underneath 
for long term performance consideration. 
 
The results of the 4 different conditions are exactly the same 
with the expectation we had prior to the test. The geosynthetic 
reinforcement can take over the most loading in the subgrade 
and thus the other component materials play less important 
role in the load transmitting process. From the successful 
results of this test plan, we found out that both the aggregate 
layers of 15 cm and 25cm can not pass the proof rolling test. 
On the other hand, both the aggregate layers of 40 cm and 50 
cm are able to pass the proof rolling test. 
 
The original designed thickness of aggregate layer is 70 cm 
for the subgrade structure. As mentioned above, the contractor 
even provides more than 100 cm merely trying to pass the 
proof rolling test. By adopting the geosynthetic reinforced 
subgrade design, the construction specification can be easily 
passed with a much thinner aggregate layer of 40 ~ 50 cm. 
The advantages of using geosynthetic reinforced subgrade 
design, not only can reduce a lot of construction expense for 
the contractor, but also can safe countless construction time 
because of the reasons of weather independence and 
straightforward placing procedure. Figure 6 demonstrates the 
construction processes of the geosynthetic reinforced subgrade 









(b) Refill aggregate material 
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(c) Compaction work 
 




FINITE ELEMENT ANALYSIS 
 
It has been accepted that current experience with reinforced 
slope failures indicates that the failure mechanism are not 
significantly different from those for natural slopes (Villard et 
al., 2002; Chao, 2004; Chao, 2007), but no such evidence exist 
for failure mechanism of geosynthetic reinforced shallow 
foundations. Therefore, in order to have more understanding 
on the complicated mechanical behaviour and failure 
mechanism of the geosynthetic reinforced shallow 
foundations, the PLAXIS finite element program is utilized in 
this study. The geosynthetic reinforcements and the soils with 
different properties, both in the laboratory and in the field, can 
be simulated using PLAXIS computer program to predict the 
responses of the whole structures under loading. 
 
 
FEM for Laborarory Test 
 
Due to the circular shape of the rigid cylinder shape loading 
for laboratory test, the geosynthetic reinforced shallow 
foundation can be assumed to be axisymmetric condition in 
the finite element simulation. An axisymmetric model is 
usually used for circular structures with a uniform radial cross 
section and loading scheme around the central axis, where the 
deformation and stress state are assumed to be identical in any 
radial direction. The element is defined by 15 nodes for the 
axisymmetric condition in PLAXIS computer program for the 
following simulation. 
 
The two soils (sand and clay) are simulated using the Mohr-
Coulomb model while the reinforcements simply using the 
elastic tensile model. The diameter of circular shape of the 
rigid cylinder is 2.5 cm. The reinforcement is placed at the 
depth of 1.25 cm from the top surface. The boundary 
conditions are chosen to be fixed on the bottom for both 
directions and on the lateral boundary for horizontal direction. 
The total number of the elements is 500 and the total number 
of nodes is 4113 for both the simulations of sand and clay 





Fig.7.  FEM mesh for the laboratory test. 
 
In PLAXIS finite element simulation, the properties of the 
soils are as follows: the unit weight of the sand = 2.1 g/cm3, 
the Elastic modulus E = 448,500 g/cm2, the Poisson ratio = 
0.3, the friction angle = 45o, and the apparent cohesion = 50 
g/cm2. In contrast, the unit weight of the clay = 1.94 g/cm3, the 
Elastic modulus E = 124,000 g/cm2, the Poisson ratio = 0.35. 
The friction angle = 0o, while the unconfined compression 
strength cu = 300 g/cm2. The engineering material properties 
used in the PLAXIS analysis program are summarized in 
Table 1. 
 
Table 1.  Material properties of the subgrade structure 
 








weight γ 2.1 1.94 g/cm3 
Young’s 
modulus E 448,500 124,000 g/cm
2 
Poisson’s 
ratio ν 0.3 0.35 - 
Cohesion c 50 300 g/cm2 
Friction 
angle φ 45 0 o 
 
The material property of the Geotextile element is elastic axial 
stiffness EA entered in units of force per unit width. The 
material property of geosynthetic reinforcement EA = 300,000 
g/cm. Since the soil is compacted layer by layer, the property 
of sand around the surface is under preloading condition. For 
that reason, an arbitrarily value of the apparent cohesion = 50 
g/cm2 is assigned to the sand close to the surface. 
 
The deformed mesh at the failure condition for both conditions 
are shown in Fig. 8. It is noted that the deformed mesh for 
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sand is scaled up 50 times, while the deformed mesh for clay 
is only scaled up 10 times for the purpose of easy reading. 
That is to say, the settlement for clayey foundation material is 
much larger then that for sandy foundation material, which is 
consistent with the results from the preceding laboratory tests. 
 
 
(a) Sand foundation (displacements scaled up 50×) 
 
 
(b) Clay foundation (displacements scaled up 10×) 
 
Fig. 8.  Deformed meshes at the failure conditions. 
 
 
From the predicted result obtained from FEM for sand 
foundation, the ultimate bearing capacity is 1930 g/cm2 
without reinforcement. Furthermore, the predicted result is 
2877 g/cm2 with reinforcement. The value of efficient ratio of 
reinforcing for sand in the laboratory condition is 1.5. On the 
other hand, from the predicted result obtained from FEM for 
clay foundation, the ultimate bearing capacity is 744 g/cm2 
without reinforcement. In addition, the predicted result is 1834 
g/cm2 with reinforcement. The value of efficient ratio of 
reinforcing for clay in the laboratory condition is 2.5. 
 
 
FEM for Site Performance Evaluation 
 
Due to the area of the proof rolling tire is relatively small 
compared to the size of the test section, the geosynthetic 
reinforced subgrade can also be assumed to be axisymmetric 
condition as shown in Fig. 9. Since the shape of the contact 
area of the proof rolling tire is only about 0.25m × 0.13m, the 





Fig. 9.  FEM mesh for subgrade structure under proof rolling. 
 
Similarly, the subsoil is simulated using the Mohr-Coulomb 
model while the geogrid layer of the reinforcement material 
simply using the elastic tensile model. The total number of the 
elements is 423 and the total number of nodes is 3535. In the 
model, an appropriate boundary condition is applied at the 
depth of 5.0 m and to a total radius of 5.0 m in horizontal 
direction. 
 
The properties of the subsoil material for the subgrade are 
based on the TANEEB site investigation report (1997) as 
follows: the unit weight of the aggregate = 20.0 kN/m3, the 
Elastic modulus E = 50,000 kN/m2, the Poisson ratio = 0.35, 
the friction angle = 45o. In contrast, the unit weight of the 
original soil = 19.1 kN/m3, the Elastic modulus E = 5,000 
kN/m2, the Poisson ratio = 0.3. The friction angle = 0o, while 
the unconfined compression strength cu = 50 kN/m2. The 
engineering material properties of the subgrade structure used 
in the PLAXIS analysis program are summarized in Table 2. 
 
Table 2.  Material properties of the subgrade structure 
 










weight γ 20.0 19.1 kN/m3 
Young’s 
modulus E 50,000 5,000 kN/m
2 
Poisson’s 
ratio ν 0.35 0.3 - 
Cohesion c 0 50 kN/m2 
Friction 
angle φ 45 0 o 
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The first example for site performance test is to simulate the 
proof rolling test with the original soil as the subgrade 
material. It can be done using the same model as in Fig. 9 by 
setting the aggregate layer to be the same material properties 
as the original soil. The geosynthetic reinforcement is 
deactivated for this case. From the result of PLAXIS computer 
simulation, we can not get any information because of the soil 
elements have been failed before the simulation process ends. 
That is to say, the computer simulation of this case can not 
pass the proof rolling test. 
 
The second example is to simulate the designed profile 
provided by the TANEEB. We now replace the subsoil from 
the original soil by an aggregate layer to the depth of 75 cm. 
The geosynthetic reinforcement is still deactivated for this 
case. The failure mechanism is kind of different with the first 
example because of the contribution from the aggregate layer. 
However, from the result of computer simulation, we still can 
not get any information because of the soil elements are failed 
again. The computer simulation of this case can not pass the 
proof rolling test, either. 
 
The third and final example is to simulate the proposed 
geosynthetic reinforced subgrade by this study with a typical 
aggregate layer to the depth of 50 cm. The geosynthetic 
reinforcement is a slender object with a normal stiffness for 
tension but with no bending stiffness. The material property of 
geosynthetic reinforcement used for the present case, based on 
the test conducted in the laboratory formerly, EA = 6000 
kN/m. 
 
The predicted deformations of the geosynthetic reinforced 
subgrade structure by the PLAXIS finite element program can 
be seen in Fig. 10. The maximum settlement caused by the 
proof rolling load is 3.54 cm in the case. The reason for this 
successful alternative design can be attributed to the important 
role of the geosynthetic reinforcement playing. The soft and 
weak soil is dramatically strengthen by the geosynthetic 
reinforcement, which is an exciting new engineered material 
emerging for the civil engineering community in Taiwan and 




Fig. 10.  Deformed mesh of the geosynthetic reinforced 
subgrade. 
 
Finally, we put together the predicted results obtained from 
finite element analysis for the three examples in Table 3. From 
Table 3, we can easily know that the outstanding performance 
of using the proposed geosynthetic reinforced subgrade by 
comparing the amount of maximum settlement as well as the 
failure conditions for the three examples. 
 















condition Yes Yes No 
Max. 





The inadequate bearing capacity and the excessive settlement 
problems of shallow foundations due to the weak soil 
conditions may be solved by employing the technique of 
geosysthetic reinforcement to strengthen the properties of the 
weak soil, which has become a cost-effective solution for civil 
engineering. 
 
From the results of laboratory tests, we know that the efficient 
ratio of reinforcing ranges from 1.6 to 4.5 for very dense to 
loose sand conditions. Furthermore, from the results of 
laboratory tests, we also know that the efficient ratio of 
reinforcing ranges from 2.5 to 3.8 for hard to soft clay 
conditions. The efficient ratios are very impressive for both 
sandy and clayey foundation materials. In addition, it is 
commendable to point out here that the worse condition 
provides the better efficient ratio for reinforcing. 
 
From the observation of the site performance evaluation, by 
adopting the geosynthetic reinforced subgrade design, the 
construction specification can be easily passed with a much 
thinner aggregate layer of 40 ~ 50 cm. The advantages of 
using geosynthetic reinforced subgrade design, not only can 
reduce a lot of construction expense for the contractor, but 
also can safe countless construction time because of the 
reasons of weather independence and straightforward placing 
procedure. 
 
According to the predicted result obtained from FEM, the 
value of the efficient ratio of reinforcing for sandy material in 
the laboratory is 1.5. On the other hand, from the predicted 
result obtained from FEM, the value of the efficient ratio of 
reinforcing for clayey material in the laboratory is 2.5. At last, 
FEM is used to simulate the site performance of the 
geosynthetic reinforced subgrade structure and to reveal the 
Paper No. 7.35a  7 






Chao, S.J. [2004]. “Finite Element Analysis of the I-Lan 
Reinforced Soil Retaining Walls”, The Proceedings CD-ROM 
of the Sixth World Congress on Computational Mechanics in 
conjunction with the Second Asia-Pacific Congress on 
Computational Mechanics, Beijing, China, R-382. 
 
Chao, S.J. [2006]. “Study of Geosynthetic Reinforced 
Subgrade Expressway in Taiwan”, Fourth International 
Conference on Soft Soil Engineering (4th ICSSE), Vancouver, 
Canada, pp. 237-243. 
 
Chao, S.J. [2007]. “Parametric study of geosynthetic 
reinforced soil retaining structures”, 5th International 
Symposium on Earth Reinforcement (IS Kyushu 07), 
Fukuoka, Japan. 
 
Holtz, R.D., B.R. Christopher and R.R. Berg [1995]. 
“Geosynthetic Engineering”, Geosynthetic in Roadways. 
 
Michalowski, R.L. and Shi, L. [2003]. “Deformation Patterns 
of Reinforced Foundation Sand at Failure”, Journal of 
Geotechnical and Geoenvironmental Engineering, ASCE, pp. 
440-449. 
 
Taiwan Area National Expressway Engineering Bureau 
[1997]. Basic Design Phase Evaluation Report of Geo-
mechanical Test and Investigation, Toucheng-Suao Section, 
Taipei-Ilan Expressway (in Chinese). 
 
Villard, P., N. Kotake and J. Otani [2002]. “Modelling of 
reinforced soil in finite element analysis”, Geosynthetics - 7 
ICG - Delmas, Gourc & Girard (eds), pp. 39-95. 
 
Wu, L.L. [2003]. Design and Performance Analysis of 
Geosynthetic Applications in Railroad Track Mitigation, Ph. 
D. Dissertation, National Cheng-Kung University, Taiwan. 
Paper No. 7.35a  8 
